• Although several methods are available for accelerating the healing process, fracture healing is a growing health problem. This is the first experimental study that reveals the time-dependent beneficial effects of grayanotoxin and propolis on fracture healing as assessed by radiography and histology.
of these periods, and radiological and histological examinations were performed. Results: Radiological healing in the propolis group after 15-day therapy was statistically better than in the control (p = 0.004) and normal honey (p = 0.006) groups. After 30-day therapy, healing in the propolis group (p = 0.005) and grayanotoxin-containing "mad honey" group (p = 0.007) were significantly better than in the control group. Histologically, there was a statistically significant difference between the 15-day propolis group and the other groups (control, honey, mad honey: p = 0.003, p = 0.003, and p = 0.002, respectively). We also found a statistically significant difference when the 30-day propolis group (p = 0.005) and "mad honey" group (p = 0.007) were compared to the control group. Conclusions: This study shows that grayanotoxin-containing "mad honey" and propolis can accelerate fracture healing.
Introduction
Setbacks in fracture healing are a growing health problem. These have an adverse psychological impact and also result in workforce and economic losses. Various methods of accelerating fracture healing and permitting a return to daily life as early as possible are currently under investigation [1] .
Grayanotoxin (GTX) is found in the flower parts of plant species such as Rhododendron and Kalmia. GTX is present in rhododendron pollens. It is therefore also found in honeys produced from this regional plant. This toxin-containing honey is known locally as "mad honey" [2] . People in this region use locally produced honey as an alternative therapy for wound healing, to treat arthritis, stomach pain, intestinal diseases, and hypertension, and to increase sexual performance [3, 4] .
Propolis is a complex, adhesive product made by bees from various plant seeds, leaves or stems and plant secretions [1] . The main compounds it contains are flavonoids, which have antioxidant characteristics [5] . Propolis has attracted considerable interest in recent years due to its pharmacological and biological effects. Studies have shown that it possesses anticancer, hepatoprotective, anti-inflammatory, and antioxidant activities [6, 7] .
Only 1 experimental study has demonstrated positive effects of propolis in fracture healing [8] . However, the effects of GTX in locally produced mad honey, used as an alternative therapy in wound healing, have not been investigated in fracture healing.
The purpose of this study was to investigate and compare the effects of GTX-containing mad honey and propolis on fracture healing, using radiology and histology, in an experimental femur fracture model.
Materials and Methods

Study Design
This randomized, controlled, nonblinded experimental study was performed after Institutional Animal Care and Ethics Committee (2011/23) approval was obtained. The study was performed in accordance with guidelines for the housing and care of laboratory animals.
Study Setting and Population
Forty-eight female Sprague Dawley rats weighing 195-252 g were used. The animals were housed under standard light/dark conditions (12-h light and 12-h dark) at a constant temperature (22 ° C) and humidity (55 + 5%) with unrestricted access to standard laboratory animal chow and water.
Study Protocol
Rats were randomly assigned to 8 groups of 6 members each -2 control groups (15-day control, 30-day control) and 6 treatment groups (15-day propolis, 30-day propolis, 15-day normal honey, 30-day normal honey, 15-day mad honey, and 30-day mad honey). The same surgical procedure was performed on all groups before treatment. The rats in the treatment groups were treated daily. Leverkusen, Germany) and 50 mg/kg ketamine hydrochloride (Ketalar ® ; Pfizer, Istanbul, Turkey) were administered by the intraperitoneal route. Following appropriate cleaning and covering of the surgical field, the skin of the right thigh was opened approximately 2 cm from the lateral aspect with a longitudinal incision (Fig. 1a) . The femur was accessed. A transverse fracture was then made using a battery-powered drill with 0.8 mm Kirschner wire (Hipokrat ® , Izmir, Turkey) (Fig. 1b) . The wire was retracted distally, and once the fracture line had been reduced it was moved in a proximal direction in a retrograde manner. The wire was again moved forward with the tip of another wire so that it would be completely buried (Fig. 1c) . Once fixation had been established, the accuracy of the fracture line reduction was confirmed using Xray imaging (Fig. 1d) . On days 15 and 30, as applicable, rats in the control and treatment groups were sacrificed by cervical dislocation under anesthesia. Right femurs were extracted by disarticulation from the hip and knee. Radiological images were taken, and soft tissue specimens were stored in 10% formaldehyde for preparation for histological examination.
Surgical Procedure
Treatment Protocols
Rats received no antibiotic therapy before or after the surgical procedure. No agent was administered for therapeutic purposes in the 15-or 30-day control groups. Each rat in the propolis groups (15-and 30-day) received 200 mg/kg propolis per day by the orogastric route throughout the study period [8] . The propolis samples used in this study were produced by honeybees (Apis mellifera L.) in Trabzon, Turkey, and were provided by the Trabzon Agricultural Development Cooperative. For stock water (50,000 mg/mL) preparation, 1 g of propolis was dissolved in 20 mL water and then incubated at 60 ° C and 150 rpm in an orbital shaker for 24 h. After incubation, samples were centrifuged at 4000 rpm for 10 min. Supernatants were filtered through filter paper and 0.22 mm filters [7] .
As the mean amount of mad honey consumed for therapeutic purposes by a 70-kg adult is 4-6 g/day (1 teaspoonful), each rat in the mad honey groups (15-and 30-day) received a mean 80 mg/kg mad honey per day by the orogastric route throughout the study period [1] . Mad honey was obtained from a sample that caused a clinical case of toxicity after consumption; it was confirmed to have originated from a Rhododendron-containing area of the Black Sea Region. The amount of GTX it contained was not measured.
Each rat in the normal honey groups (15-and 30-day) received 80 mg/kg normal honey per day by the orogastric route. The normal honey (Balparmak ® Blossom Honey, Izmir, Turkey) used in the experiments was obtained from supermarkets and then subjected to standard tests in the production facilities.
Radiological Evaluation
Radiographic images were scored according to the Lane-Sandhu radiological scoring system (Table 1) [9] . Scoring was performed by 2 independent orthopedists blinded to the study groups.
Histopathological Examination
Tissue specimens were fixed in 10% neutral formalin, rendered transparent in xylene, and embedded in paraffin blocks. Sections 5 μm in thickness were made using a fully automatic microtome (Leica RM 2255, Tokyo, Japan). Compounds were analyzed under light microscopy (Olympus BX51, Japan) by an experienced histologist blind to the groups. Compounds from the groups were photographed using a digital camera (Olympus DP71, Japan) under a light microscope. The 10-point histological scoring system described by Huo and Troiano [10] was used for histological evaluation of compounds (Table 2) .
Statistical Analysis
Statistical analysis was performed using SPSS (Statistical Package for Social Sciences for Windows v.13.0; SPSS, Chicago, IL, USA) software. During evaluation of radiological and histological scores, the 15-and 30-day groups were separately compared among themselves. Nonparametric tests were used for data analysis. The Kruskal-Wallis test was used for multiple comparisons and the Mann-Whitney U as post hoc test with Bonferroni correction. Values of p < 0.0083 after correction were regarded as significant.
Results
Radiological Scoring
Fifteen-and thirty-day radiological scoring results from the study groups are shown in Tables 3 and 4 . After 15 days' therapy, animals receiving propolis exhibited significantly higher radiological scores compared to the controls (p = 0.004) and subjects receiving normal honey (p = 0.006). There was no significant difference between the 15-day mad honey group and the control group (Table 3) . Group scores on the 15th day are shown in Figure 2 .
After therapy for 30 days, the radiological scores of animals receiving propolis (p = 0.005) and mad honey (p = 0.007) were significantly higher than those of the control group (Table 4) . No statistically significant differences were observed between the radiological scores of the normal honey group and the control group, or between the propolis and mad honey treatment groups. Group scores on the 30th day are shown in Figure 3 .
Histopathological Comparison
Evaluation of histological grade in subjects receiving therapy for 15 days revealed no histological grade higher than 3 in the control or normal honey groups, and the difference between these two was insignificant. All subjects in the 15-day mad honey group had histological scores of 4, while all subjects in the 15-day propolis group had histological grade scores of 6 or above (Fig. 4) . A significant increase in histological grade was observed in the 15-day propolis group compared to the control (p = 0.003), 15-day normal honey (p = 0.003), and 15-day mad honey (p = 0.002) groups. No significant increase in histological grade was observed in the 15-day mad honey group compared to the 15-day normal honey or 15-day control groups.
No histological score above 8 was observed in the control or normal honey groups at examination of histological grade after 30 days' therapy. Histology scores of 8 or above were observed in all rats in the 30-day propolis and mad honey groups. The highest histology grade, i.e., 10, was determined in 1 animal of the propolis group (Fig. 5) . Figure 6 shows bone tissue samples from the treatment and control groups on days 15 and 30. A significant increase in histological grade was observed in the 30-day propolis (p = 0.005) and 30-day mad honey (p = 0.007) groups compared to the control group.
Comparison of the 30-day propolis and 30-day normal honey groups revealed a statistically significant histological improvement in the propolis group (p = 0.008). There was no significant difference between the 30-day mad honey group and the 30-day propolis or 30-day normal honey groups. 
Discussion
This experimental study revealed positive effects of propolis and mad honey on fracture healing in an experimental setting, as shown by X-ray and histopathological studies. The study findings may be interpreted as indicating that propolis is more effective than mad honey over both 15-and 30-day treatment periods.
Evaluation of the radiological and histological scores of the propolis treatment group in our study showed significant healing in both the 15-and 30-day experimental animals compared to the control group. Many cellular and biochemical events such as neurohormonal and neurohumoral mechanisms are involved in fracture healing, and studies have shown that free oxygen radicals have a deleterious impact on healing [11, 12] . Various drugs and factors have been investigated for their ability to accelerate fracture healing. One such is propolis, which possesses antioxidant properties. Propolis consists of 50% flavonoid-and phenolic acid-based resin and vegetable balsam, 30% wax, 10% essential oils, 5% pollen, and 5% other organic compounds. Flavonoids in propolis are antioxidants that eradicate free oxygen radicals by donating hydrogen. In addition, flavonoids complexed with iron ions suppress the Fenton reaction that causes hydroxyl radicals [2] . Several studies have demonstrated the antioxidant property of propolis in tissues. In a histomorphometric study, Altan et al. [13] showed that propolis stimulated new bone formation in bone suture separation and increased inflammatory cell numbers and capillary numbers in tissues. Guney et al. [8] observed a positive effect of propolis on fracture healing; they reported that while radiological scores in the 3rd and 6th weeks were better compared to the control group, histological scores were comparable to those of the control group at the 6th week. Our propolis samples were collected in Trabzon in the Northeast of Turkey. Propolis is known to be rich in polyphenolic compounds, such as pinocembrin, isalpinin, pinostropin, naringenin, quercetin, chrysin, pinobanksin, galangin, apigenin, 3,40 ,7-trimethoxy flavanone, and caffeic acid [14] . The positive effect of propolis described in the literature thus supports the findings of our study.
When the efficacy of the mad honey and control groups was compared in terms of fracture healing, no significant difference was observed as evidenced by radiological and histopathological scores on day 15 of treatment. However, at the end of the 30-day protocol, both scoring results were significantly superior in the mad honey group compared to the control group. As mad honey is used to treat numerous diseases such as diabetes, hypertension, and hyperlipidemia, the mechanisms of action of GTX in these pathologies have been studied [15- 17]. However, there are no reports on the effects of mad honey on fracture healing. Several mechanisms may underlie the positive effects observed by us. First, bone metabolism events are affected by the nervous system. Mediators producing this effect include glutamate, catecholamines, leptin, and VIP [18] . Glutamate has been shown to play a significant role in bone-nerve interaction in particular, being associated with other nerve markers in bone cells, and has been reported to play an important role in remodeling after mechanical loading by balancing catabolic and anabolic activities [19] . Kim et al. [20] reported increased GABA and glutamate release after GTX administration. Increased glutamate release after GTX intake may explain the positive effect on bone healing of mad honey. Durdagi et al. [21] showed that GTX-3 inhibits cytosolic carbonic anhydrase 2 in the micromolar range in mammals. Osteoclasts perform bone resorption through hydrogen released by means of carbonic anhydrase. A decrease in the effect of carbonic anhydrase, and thus of osteoclasts, with the administration of GTX may be a possible cause of the positive effect of mad honey on fracture healing. This study showed that GTX-containing mad honey increased vascularity in the fracture region. Yet another reason for the effect of GTX on bone healing may be increased blood flow in association with peripheral vasodilation. Sibel et al. [22] reported that GTX increased antioxidant activity in tissues in their experimental study. The antioxidant property of GTX may therefore explain the positive effect on healing.
Normal honey was included in this study in order to assess its efficacy in terms of fracture healing of other chemical compounds contained in propolis and mad honey. Honey has a complex chemical composition. It contains 25 carbohydrates, free amino acids, vitamins, trace elements, flavonoids, and antioxidant, antimicrobial, and anti-inflammatory substances [23] . Additionally, substances or toxins specific to the flower flora from which it is obtained may also cause differing effects. Several studies have investigated its use in wound healing and for treating coughs, for boosting the immune system, and for antimicrobial activity [23, 24] . In our study, the effect on radiological and histopathological scores in the normal honey group in both the 15-and 30-day protocols resulted in no significant improvement in healing compared to the control group. Interestingly, no significant difference was determined between long-term radiological score values in the propolis and mad honey groups and those of the normal honey group.
Limitations
There are a number of limitations to this study. The amount of GTX contained in the mad honey used in the experimental protocol was not determined using a quantitative method. One of the main limitations of this study is the absence of any investigation of dose response. Blood parameters showing the antioxidant characteristic of GTX and factors increasing blood supply were also not investigated. Biomechanical testing using the contralateral, nonfractured femur as an internal control was also not performed.
Conclusions
This experimental study reveals a time-dependent beneficial effect of GTX and propolis on fracture healing as evaluated by radiographic and histological assessment. It also shows that GTX and propolis have similar radiological and histological therapeutic effects in bone fracture over a period of 30 days. Further studies are needed to clarify the effects of GTX on fracture healing.
